ErbB4 signaling in the central nervous system is implicated in neuropsychiatric disorders and epilepsy. In cortical tissue, ErbB4 associates with excitatory synapses located on inhibitory interneurons. However, biochemical and histological data described herein demonstrate that the vast majority of ErbB4 is extrasynaptic and detergent-soluble. To explore the function of this receptor population, we used unbiased proteomics, in combination with electrophysiological, biochemical, and cell biological techniques, to identify a clinically relevant ErbB4-interacting protein, the GABA A receptor α1 subunit (GABAR α1). We show that ErbB4 and GABAR α1 are robustly coexpressed in hippocampal interneurons, and that ErbB4-null mice have diminished cortical GABAR α1 expression. Moreover, we characterize a Neuregulin-mediated ErbB4 signaling modality, independent of receptor tyrosine kinase activity, that couples ErbB4 to decreased postsynaptic GABAR currents on inhibitory interneurons. Consistent with an evolving understanding of GABAR trafficking, this pathway requires both clathrin-mediated endocytosis and protein kinase C to reduce GABAR inhibitory currents, surface GABAR α1 expression, and colocalization with the inhibitory postsynaptic protein gephyrin. Our results reveal a function of ErbB4, independent of its tyrosine kinase activity, that modulates postsynaptic inhibitory control of hippocampal interneurons and may provide a novel pharmacological target in the treatment of neuropsychiatric disorders and epilepsy.
ErbB4 signaling in the central nervous system is implicated in neuropsychiatric disorders and epilepsy. In cortical tissue, ErbB4 associates with excitatory synapses located on inhibitory interneurons. However, biochemical and histological data described herein demonstrate that the vast majority of ErbB4 is extrasynaptic and detergent-soluble. To explore the function of this receptor population, we used unbiased proteomics, in combination with electrophysiological, biochemical, and cell biological techniques, to identify a clinically relevant ErbB4-interacting protein, the GABA A receptor α1 subunit (GABAR α1). We show that ErbB4 and GABAR α1 are robustly coexpressed in hippocampal interneurons, and that ErbB4-null mice have diminished cortical GABAR α1 expression. Moreover, we characterize a Neuregulin-mediated ErbB4 signaling modality, independent of receptor tyrosine kinase activity, that couples ErbB4 to decreased postsynaptic GABAR currents on inhibitory interneurons. Consistent with an evolving understanding of GABAR trafficking, this pathway requires both clathrin-mediated endocytosis and protein kinase C to reduce GABAR inhibitory currents, surface GABAR α1 expression, and colocalization with the inhibitory postsynaptic protein gephyrin. Our results reveal a function of ErbB4, independent of its tyrosine kinase activity, that modulates postsynaptic inhibitory control of hippocampal interneurons and may provide a novel pharmacological target in the treatment of neuropsychiatric disorders and epilepsy.
PKC | schizophrenia | hippocampus | parvalbumin | mIPSCs E rbB4 signaling regulates neuronal excitability (1, 2) and synaptic plasticity (3, 4) in the adult brain, and has been implicated in psychiatric disorders (5, 6) and epilepsy (2, 7) . In the neocortex and hippocampus of rodents, monkeys, and humans, ErbB4 expression is restricted to GABAergic interneurons, and its expression is particularly high in parvalbumin-positive fastspiking (PV+) interneurons (8, 9) . Of note, targeted ablation of ErbB4 specifically in PV+ interneurons recapitulates behavioral abnormalities of full ErbB4-null mice, highlighting the importance of ErbB4 signaling in this GABAergic interneuron subclass (10) . Moreover, gamma oscillations, a type of high-frequency network activity that depends on synchronization of local circuits by PV+ interneurons, are augmented by Neuregulin (NRG)1 in vitro in an ErbB4-dependent manner (11) .
In the hippocampus, the GABA A receptor α1 subunit (GABAR α1), which imparts rapid decay kinetics (12) , is also selectively expressed in subsets of inhibitory interneurons, especially in PV+ neurons (13, 14) . Furthermore, a mutation in GABRA1 has been linked to absence seizures (15) , and heterozygous Gabra1-null mice show cortical absence epileptiform activity (16) . Additionally, genome-wide linkage analyses have repeatedly identified a cluster of GABAR subunits, which includes GABRA1, as a schizophrenia (SCZ) susceptibility locus (17) . Therefore, identifying mechanisms that acutely regulate α1-containing GABARs on interneurons is important to understanding their role in neuronal network activity and their association with SCZ and epilepsy.
Numerous postmortem and functional imaging studies have implicated a selective loss of GABAergic interneuron function as a major deficit in SCZ (18) . Interest has focused predominantly on PV+ basket and chandelier neurons in the dorsal lateral prefrontal cortex (DLPFC), because these interneurons target pyramidal neuron somata and axon initial segments to regulate excitatory-inhibitory balance and neuronal network activity important for numerous cognitive functions affected in SCZ (18, 19) . However, there is mounting evidence for hippocampal dysfunction in SCZ (20) , where PV+ interneurons (21) contribute to the altered gamma oscillations observed (18) .
Although a fraction of ErbB4 receptors is tightly associated with PSD-95 at glutamatergic synapses (3, 22) , the majority of the receptors are extrasynaptic (see below). To explore this largely overlooked pool of ErbB4 (i.e., outside the glutamatergic synapse), we used unbiased proteomics of detergent-soluble ErbB4 isolated from synaptic plasma membranes. Using this approach, here we report a unique interaction between ErbB4 and GABAR α1. We show that NRG2, a homolog of NRG1 that is highly expressed in the adult brain (23, 24) , increases the association of ErbB4 with α1-containing GABARs, causes internalization of these receptors, and reduces the amplitude of miniature inhibitory postsynaptic currents (mIPSCs) on ErbB4+ interneurons. Unexpectedly, although the ErbB4 receptor is essential for reducing the mIPSCs in response to NRG2, its canonical receptor tyrosine kinase (RTK) activity is entirely dispensable. Our results are consistent with other studies suggesting a model for extrasynaptic GABAR trafficking (25) (26) (27) (28) , and they introduce NRG-ErbB4 signaling as a critical modulator of postsynaptic GABAR signaling in interneurons.
Significance
We identify a mode of Neuregulin signaling through ErbB4, requiring the receptor but not its canonical tyrosine kinase activity, that selectively decreases fast synaptic GABA A currents on hippocampal interneurons. Neuregulin promotes the clustering and association of ErbB4 with α1-containing GABA receptors, and results in the selective internalization of α1-containing receptors via a mechanism that requires PKC activity and clathrin-dependent endocytosis. These findings emphasize the diverse modes of Neuregulin signaling that can regulate interneuron network activity and which may contribute to the pathophysiology of neuropsychiatric disorders and epilepsy.
Results GABAR α1 Is an ErbB4-Interacting Protein. ErbB4 has been shown to accumulate at interneuron glutamatergic synapses, where it associates with PSD-95 at excitatory postsynaptic densities (3, 22) . However, coimmunofluorescence analysis in dissociated hippocampal neurons reveals a substantial fraction of ErbB4 immunoreactivity that does not overlap with PSD-95 (29) (Fig.  S1A) . In cortical membrane preparations, most ErbB4 can be extracted with 1% (vol/vol) Triton X-100, consistent with most ErbB4 protein not being tightly associated with glutamatergic postsynaptic densities (Fig. S1B) . In an unbiased effort to identify proteins interacting with this population of ErbB4 receptors, a large-scale isolation of native ErbB4 from Triton X-100-extracted rat brain synaptic plasma membranes (24 mg of protein) was performed using monoclonal antibody mAb-10 (8). Immunoprecipitated ErbB4 complexes were resolved by SDS/ PAGE and analyzed by tandem MS/MS (SI Materials and Methods); only proteins absent from the normal rabbit IgG control sample were considered for further investigation (Fig.  S1C) . Among proteins copurifying with ErbB4 was GABAR α1. Consistent with these findings, reciprocal immunoprecipitation of GABAR α1 also coprecipitates ErbB4 (see below).
ErbB4 and GABAR α1 Are Coexpressed in Hippocampal Interneurons in Vivo and in Vitro, and ErbB4 −/− Mice Show Decreased Cortical GABAR α1 Expression. We evaluated ErbB4 and GABAR α1 expression in sections of adolescent rat hippocampus and primary hippocampal cultures. Double immunofluorescence analysis of hippocampal sections costained with antibodies to GABAR α1 and ErbB4 (Fig. 1A) show that the vast majority of ErbB4+ interneurons robustly coexpress GABAR α1 in their somatodendritic compartment (81.5 ± 4.2%, n = 3 animals, 1,359 cells). Furthermore, subsets of colocalizing puncta were evident in both dendrites ( Fig. 1 B and C) and somata ( Fig. 1 D-D′′ ) of hippocampal interneurons. In cultured hippocampal neurons, 98.1 ± 0.8% of ErbB4+ interneurons (n = 8 coverslips, 945 cells) coexpress GABAR α1 (Fig. S2 A and B) . Furthermore, in these cells, the two proteins colocalize in a subset of ErbB4+ puncta (Fig. S2A) . Because of the extensive coexpression of ErbB4 and GABAR α1 in tissue and cultured neurons, we reasoned that ErbB4 deficiency might affect cortical GABAR α1 expression. We therefore analyzed cortical P2 membrane fractions from ErbB4 −/−,Δheart mice [rescued from embryonic death by selective receptor expression in heart (30) , and hereafter referred to as ErbB4
] and evaluated GABAR α1 levels. As shown in Fig. 1E , GABAR α1 expression is reduced by 18.5% in ErbB4 −/− vs. wild-type mice (n = 4; *P < 0.05), with no changes in expression of either GAD67, PSD-95, or β-actin. Thus, ErbB4-null mice have concomitant deficiencies in GABAR α1 expression.
NRG2 Increases ErbB4-GABAR α1 Association. Next, we sought to determine whether stimulation by NRG acutely modulates the interaction between ErbB4 and GABAR α1. To this end, we treated dissociated hippocampal cultures with the extracellular domain of NRG2β, the major Ig-like domain-containing NRG expressed in the adult hippocampus (23, 24) . ErbB4 receptor autophosphorylation ( Fig. 2A ) and canonical MAPK activation (Fig. 2B) were robustly elevated 10 min after addition of 10 nM NRG2, and both responses were blocked by the general ErbB kinase inhibitor PD158780 [4-6-(methyl-amino)-pyrido [3,4-d] pyrimidine] (10 μM). Importantly, NRG2 dramatically increased the association of ErbB4 and GABAR α1, as shown by coimmunoprecipitation of ErbB4 with an antibody against GABAR α1 (Fig. 2C ).
ErbB4 activation causes surface internalization of ionotropic receptors (31, 32); we therefore asked whether NRG2 might reduce GABAR α1 surface expression as well. We performed quantitative immunofluorescence analysis of surface-labeled GABAR α1 and ErbB4 using antibodies recognizing their extracellular domains under nonpermeabilizing conditions. As shown in Fig. 2D , 10 min of NRG2 resulted in a dramatic and distinct redistribution of both proteins. Compared with vehicletreated controls, ErbB4 puncta were notably brighter and their mean intensity increased by 22.3% ( Fig. 2E ; ***P < 0.0001), likely indicating ligand-mediated clustering of surface ErbB4; by contrast, GABAR α1 surface cluster intensity decreased by 22.4% ( Fig. 2E ; ***P < 0.0001). These findings were confirmed using surface protein biotinylation assays of cultured hippocampal neurons (Fig. 2F ), which showed that NRG2 decreases surface GABAR α1 by 59% ( Fig. 2G ; *P < 0.05) with no changes in surface ErbB4 levels. These results suggest that the internalization of GABARs following NRG2 treatment results from transient interactions between ErbB4 and α1-containing GABARs.
NRG2 Decreases Synaptic GABAR Currents. Because hippocampal cultures robustly respond to NRG2, we reasoned they constitute a good model in which to further explore functional interactions between ErbB4 and GABAR α1 in response to NRG2. ErbB4+ interneurons were identified in hippocampal cultures by live labeling with antibody Ab-77 at concentrations that do not affect receptor activity (1) and analyzed by whole-cell voltage-clamp recordings. Under baseline conditions, mIPSC frequency (2-16 Hz) and amplitude (28-142 pA) were highly variable, and responses to NRG2 were normalized and expressed as percent baseline within each cell (see Table S1 for raw data). As shown in Fig. 3A , 10 min of NRG2 (2 nM) significantly decreased the bicuculline-sensitive mIPSC amplitude to 79.6 ± 4.8% of baseline (Fig. 3C,  NRG2 ), whereas frequency remained unaffected at 101.7 ± 9.5% (Fig. 3D, NRG2 ). Similar effects were observed with 5 min of NRG2 (87.8 ± 4.7% baseline; n = 8; P < 0.05). This response was specific to GABAR currents, as NRG2 did not affect miniature excitatory postsynaptic currents amplitude or frequency (Table S1 ).
NRG2 Requires ErbB4, but Not Its Tyrosine Kinase Activity, to Reduce Synaptic GABAR Currents. In additional experiments, we unexpectedly found that the effect of NRG2 on mIPSCs does not require canonical ErbB4 kinase activity. Although PD158780, a competitive inhibitor of the catalytic ATP-binding domain of ErbB receptors, completely blocks canonical receptor phosphorylation and MAPK signaling (shown in Fig. 2 A and B) , mIPSC amplitudes were significantly reduced in both the presence and absence of 10 μM PD158780, applied for 10 min before and throughout recordings [ Fig. 3C ; PD+NRG2: 75.9 ± 4.2% baseline vs. control (NRG2): 79.6 ± 4.8% baseline]. Although NRG2's effects on mIPSC amplitude are independent of canonical ErbB4 RTK activity, ErbB4 may still be required for NRG2's effects on GABAergic currents. To test this possibility, we prepared hippocampal cultures from ErbB4 −/− mice. Biocytin (1% wt/vol) was added to internal solutions for post hoc identification of GAD67 immunoreactivity to confirm GABAergic interneuron characterization (Fig. 3G) . Importantly, over 88% of cultured hippocampal interneurons are also ErbB4+ in wild-type cultures (29) . In these ErbB4
−/− cultured interneurons, NRG2 was without effect (Fig. 3B) , as mIPSC amplitude ( Fig. 3E ; 101.5 ± 4% baseline, ErbB4 −/− ) and frequency ( Fig. 3F; 
−/− mice with an adeno-associated virus (AAV) harboring a kinase-dead (K751M) ErbB4 receptor variant (ErbB4-KD) (33) . Interneurons rescued with ErbB4-KD regained the capacity for reducing mIPSC amplitude upon NRG2 treatment ( Fig. 3E ; 77.6 ± 5.7% baseline in infected GABAR α1+ interneurons; KD Rescue), without altering frequency ( Fig. 3F ; KD Rescue). A representative infected GABAR α1+ interneuron used for recording is shown (Fig.  3G) . Thus, an ErbB4 mutant that lacks RTK activity is capable of rescuing the decrease in mIPSC amplitude by NRG2. Taken together, these results show that the NRG2-dependent decrease of mIPSC amplitude on ErbB4+ hippocampal interneurons requires ErbB4, but its canonical RTK activity is entirely dispensable.
NRG2 Decreases Synaptic α1, but Not α2, Subunit-Containing GABARs and Prolongs mIPSC Decay Kinetics. Immunofluorescence and electrophysiological data described above are consistent with the notion that NRG2 selectively reduces mIPSCs on cultured ErbB4+ interneurons by promoting GABAR α1 association with ErbB4 and subsequent receptor internalization. However, GABAR α1 surface labeling appears ubiquitous on the somatodendritic membrane of cultured hippocampal interneurons (Fig. S2B) , and thus does not distinguish between synaptic and extrasynaptic receptor pools. To determine whether NRG2 affects synaptic GABAR α1 expression, we first surface-labeled neurons for the α1 subunit, permeabilized the cells, and then colabeled with an antibody for the inhibitory postsynaptic protein gephyrin. As shown in Fig. 4 A and B , NRG2 reduced the mean GABAR α1 signal intensity associated with gephyrinpositive puncta by 20.5%, compared with vehicle-treated controls (see SI Materials and Methods for details on quantitation methodology). These results are consistent with the decreases in mIPSC amplitude observed with NRG2. Importantly, in additional experiments, we observed that NRG2 does not decrease synaptic levels of GABAR α2 on ErbB4+ neurons (Fig. S3) , indicating a selective effect of NRG2 in reducing synaptic α1-containing GABARs on inhibitory interneurons.
A selective reduction in α1 subunit-containing GABARs is further supported by mIPSC single-exponential decay kinetics. NRG2 prolonged mIPSC decay kinetics to a 116.1 ± 2.6% baseline (Fig. 4 C and D) in ErbB4+ interneurons, consistent with a reduction of rapidly decaying synaptic currents. Because GABAR α1 confers rapid decay kinetics (12, 34, 35) , our results indicate that NRG2-ErbB4 association preferentially targets synaptic α1 subunit-containing GABARs.
NRG2 Alters GABAR Currents Through Clathrin-Dependent Endocytosis
and PKC Activity. NRG2 selectively reduces mIPSC amplitude, but not frequency, indicating NRG2's effects are likely postsynaptic. As GABAR surface expression is regulated by clathrin-dependent endocytosis in hippocampal neurons (27, 36) , we asked whether NRG2 decreases postsynaptic GABARs through a similar mechanism. To test this, we supplemented the internal solution with dynamin inhibitory peptide (DIP; 50 μM), which blocks amphiphysin and dynamin binding, thus blocking clathrin-dependent endocytosis. NRG2 was added only after allowing the intracellular peptide to dialyze the cell for at least 10 min. Summarized data in Fig. 4G show that NRG2 failed to affect mIPSC amplitude (102.6 ± 3% baseline) when dynamin/clathrin-dependent endocytosis was blocked with DIP. By contrast, in cells dialyzed with a scrambled control peptide (scr; 50 μM), NRG2 continued to decrease mIPSC amplitude (85.6 ± 3.6% baseline). NRG2 was also without effect on mIPSC amplitude when the cell-permeable dynamin inhibitor dynasore (40 μM) was added to the extracellular bath (104 ± 2.7% baseline; Table S1 ). Together, these data suggest that NRG2 decreases GABAergic currents by activating clathrin-dependent receptor endocytosis.
PKC has a well-established role in governing GABAR surface expression and receptor turnover (27, 37) . Therefore, we sought to determine whether PKC activity is required for NRG2-mediated decreases in GABAR current density. As shown in Fig.  4E , NRG2 results in phosphoactivation of PKCγ but not PKCα/βII. To selectively block PKC activation, we included an inhibitory PKC (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) peptide (10 μM) in the intracellular solution. As illustrated in Fig. 4F and summarized in Fig. 4 G and H, intracellular delivery of the PKC peptide prevented an NRG2-mediated mIPSC amplitude decrease (99.4 ± 5% baseline), suggesting that NRG2-ErbB4 acts through a PKC-dependent mechanism to decrease inhibitory synaptic current in hippocampal interneurons. Intracellular application of the control peptide was without effect (scr; 79.6 ± 3.1% baseline). Furthermore, bath application of the cell-permeable PKC inhibitor chelerythrine chloride (3 μM) also prevented NRG2's actions on inhibitory currents (102.3 ± 2.5% baseline; Table S1 ). Thus, NRG2 mediates its effects on postsynaptic GABAR currents through ErbB4 via a mechanism requiring both clathrin-dependent endocytosis of α1 subunit-containing receptors and PKC activity.
Discussion
Much of what is currently known about ErbB4 signaling stems from its well-documented interaction with PSD-95. However, as we show here, the bulk of the receptor is extrasynaptic. By isolating ErbB4-interacting proteins from this biochemically defined fraction, we have found a unique and clinically relevant target of ErbB4 receptor signaling, α1-containing GABARs.
NRG-ErbB signaling has a unique degree of complexity among classical RTK signaling pathways. Whereas there is ample evidence for the proteolytic processing and release of soluble NRG ligands resulting in paracrine activation of ErbB receptors (38) , there is additional evidence in the peripheral nervous system (39) and other models (40) for stable juxtacrine NRG-ErbB interactions. In addition, both NRG1 (41) and ErbB4 (42, 43) undergo reverse signaling and, in this fashion, bear similarities to both canonical and noncanonical Notch signaling (44) . Our present data reveal yet another layer of complexity in the NRG-ErbB signaling network: NRG-ErbB4 signaling in GABAergic interneurons independent of receptor tyrosine kinase activity that alters postsynaptic inhibitory drive onto GABAergic interneurons. This finding is reminiscent of the established role of the ErbB1 receptor acting via a tyrosine kinase-independent mechanism (for other RTK-independent mechanisms, see ref. 45 ) to stabilize the sodium/glucose cotransporter (46) , and it reveals a unique and exciting mode of NRG-ErbB4 signaling.
Ion-channel motility into and out of the synapse regulates synaptic and homeostatic plasticity at excitatory (47, 48) and inhibitory synapses (49, 50) . Accumulation of GABARs at synaptic sites is governed by lateral migration within the membrane, rather than insertion of newly synthesized receptors (26) , where interactions with scaffolding proteins such as gephyrin stabilize postsynaptic receptors (51) . Furthermore, GABAR insertion and endocytosis via AP2 adaptin occur predominantly at extrasynaptic sites, indicating that lateral diffusion and trafficking of receptors are critically important for regulating synaptic strength at GABAergic synapses (25) . Our data show that NRG2 causes a robust somatodendritic-wide decrease of GABAR α1 surface labeling and colocalization with gephyrin-positive puncta, consistent with the reduction of mIPSC amplitude. In addition, the residual synaptic α1-and α2-containing GABARs may contribute to the prolonged decay kinetics (12, 34) . As NRG2 effects require PKC activity and clathrin-dependent endocytosis (Fig. 4 F-H) , it is plausible that NRG2 functions to selectively recruit α1 subunit-containing GABARs to endocytic machinery via a transient interaction with ErbB4, resulting in lateral diffusion out of the synapse and decreasing mIPSC amplitude (see the proposed model in Fig. S4 ). Because NRG2 elicits its effects on GABA neurotransmission independent of ErbB4 tyrosine kinase activity-contrasting it with other RTK ligands such as BDNF (52) , PDGF (53) , and insulin (54) that require tyrosine kinase activity of their cognate receptors to modulate GABAergic transmission-it is plausible that different structural/conformational or cytoskeletal mechanisms are used by ErbB4 to regulate GABAR trafficking.
Genetic linkage and association studies identify ERBB4 as an at-risk gene for SCZ and potentially bipolar disorder (BiP). cultures (n = 6) or ErbB4 −/− cultures infected with a kinase-dead ErbB4 AAV vector (KD Rescue; n = 6; *P < 0.05, t test). (G) Representative post hoc immunofluorescence analysis illustrating inclusion criteria for kinase-dead ErbB4 rescue experiments. Neurons were filled with biocytin for recordings from mouse ErbB4 KO hippocampal cultures. Post hoc immunohistochemistry was used to confirm expression of KD ErbB4 in infected neurons, inhibitory phenotype (GAD67), and GABAR α1 expression as indicated. GAD67-negative neurons were excluded from the analysis.
Interestingly, the human chromosome region 5q34-5q35, which harbors a cluster of genes encoding GABAR subunits (α1, α6, β2, and γ2), has been repeatedly shown as an SCZ and BiP susceptibility locus (reviewed in ref. 17) . Genome-wide linkage scans of Portuguese families identified a genomic region that includes GABRA1 (55), and haplotypes and SNPs in the gene are also associated with risk for SCZ, as well as alterations in the expression of GABAR subunits (56) . Moreover, GABAR α1 transcript levels are lower in the postmortem brain of persons diagnosed with SCZ (19) and depression (57), suggesting a functional role of GABAR α1-containing receptors in the etiology of these disorders. Whereas reductions in GABAR α1 transcripts in the postmortem DLPFC are reported to be restricted mostly to excitatory neurons (58) , in the hippocampusanother anatomical structure affected in SCZ (59, 60) that exhibits interneuron deficits (21) and whose dysfunction may spread to the DLPFC (20, 61)-GABAR α1 expression is mostly restricted to interneurons (13) . Additionally, hippocampal synapses between PV+ neurons have 3.2 times more α1 subunit than PV+-topyramidal neuron synapses (14) , underscoring the importance of GABAR α1 in inhibitory network connectivity. Finally, GABAR α1 has been genetically linked to absence seizures (15) , and heterozygous Gabra1-null mice show cortical absence epileptiform activity (16) . Taken together, our studies implicate GABAR α1 as a protein regulated by ErbB4 in GABAergic interneurons, and as a potential downstream target of ErbB4 that is altered in SCZ and epilepsy. Importantly, because ErbB4 has functions entirely independent of its canonical RTK activity and by virtue of its robust interneuron-specific expression, the receptor (independent of its activity) constitutes an enticing target for novel drug discovery.
Materials and Methods
See SI Materials and Methods for detailed protocols.
Electrophysiology. Whole-cell voltage-clamp recordings of mIPSCs from ErbB4+ interneurons were performed at 32°C with borosilicate glass microelectrodes (3-5 MΩ) using standard conditions (1) . Miniature IPSCs were isolated by bath application of tetrodotoxin (1 μM), 6-cyano-7-nitroquinoxaline-2,3-dione (10 μM), and D-2-amino-5-phosphonopentanoic acid (25 μM), and were confirmed with the GABA antagonist bicuculline methobromide (25 μM). All cells were held at −70 mV throughout the experiment. Access resistance was monitored during recordings, and experiments with change >15% were discarded.
Histology. Four-to 6-wk-old Sprague-Dawley rats were transcardially perfused with 4% paraformaldehyde (PFA) in 0.1 M PBS (pH 7.4). Brains were postfixed overnight in the same fixative, and 50-μm free-floating sections were stained and analyzed as described (9, 10) . All animal protocols were approved by National Institute of Child Health and Human Development (NICHD) Animal Care and Use Committee.
Immunocytochemistry and Image Analysis. Following NRG2 treatment, hippocampal cultures were fixed in 4% PFA in PBS containing 4% sucrose at 37°C for 20 min followed by blocking and antibody incubations. Laser scanning confocal images were acquired using an LSM 510 microscope (Zeiss). Acquired images were analyzed using Volocity 6.1.1 (PerkinElmer).
Immunoprecipitation and Biotinylation Assays. Triton X-100-solubilized synaptic plasma membranes or hippocampal culture lysates were normalized for total protein, and immunoprecipitation was performed essentially as described (8) . Biotinylation reactions of hippocampal cultures were performed at 4°C, washed, and processed essentially as described (29) using NeutrAvidin UltraLink Resin (Pierce).
In-Gel Digestion and Mass Spectroscopy-Based Proteomics. Gel lanes were manually excised top to bottom into 20 ∼2-mm bands. In-gel tryptic digestion and peptide extraction were performed using a standard protocol (62), followed by one-dimensional liquid chromatography tandem mass spectrometry.
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